CoFe soft high magnetic moment alloys of near equiatomic composition exhibit distinctive soft magnetic properties, such as high Curie temperature, large saturation magnetic flux density, and high permeability associated with low coercivity.
1 They have been widely utilized for high density recording heads, 2 magnetic biosensor technologies 3 and high temperature applications such as magnetic bearing for high speed motors. 4 Electrodeposition is the most promising technology for nanofabrication of magnetic alloys due to its compatibility with other processing operations such as lithography, high yield and low cost. 5 The aim of this work is to study structure, type and distribution of the oxide phases in electrodeposited Co 40-36 Fe 60-64 alloys as a function of electrolyte composition, and to investigate their impact on magnetoresistance and other magnetic properties. It has been suggested that presence of oxide phases will increase the magnetoresistance values in giant magnetoresistance GMR stacks. 6 For this study, a standard three electrode cell configuration with solution volume of 250 mL was used to electrodeposit two types of Co 40-37 Fe 60-63 films (1.8 6 0.1 lm thick), S1 and S2. For S2 0.0025 M ferric sulfate Fe 2 (SO 4 ) 3 was added to the electrolyte solution. The purpose of adding Fe 2 (SO 4 ) 3 into the electrochemical bath for the latter is to introduce an additional amount of oxide phase in the deposited film. 7 The electrodeposition was carried out under galvanostatic control. CoFe films were electrodeposited on Si {100} substrates with a thin Cu/Ti seed layer from an aqueous solution containing 28 g/L FeSO 4 4 Cl, and 0.12 g/L saccharin. All the solutions were adjusted to pH 2.01 and were kept at 25 C. All films were deposited at constant current density, deposition rate and deposition time of 4 mA/cm 2 , 45 nm/min, and 40 min, respectively. All solutions in this study were deaerated for 2 h before deposition experiments and during deposition experiments, in order to minimize additional formation of Fe 3þ in the electrolyte through the oxygen reduction process. 7, 8 Cross-sectional TEM samples were prepared using focused ion beam (FIB) technique. Structure and composition characterization of the grown films were analyzed using a TEM/STEM-2010 F at 200 kV, equipped with characteristic x-ray and electron energy-loss spectrometers. Domain wall widths of the films was examined using off-axis electron holography in an FEI CM200 FEG TEM equipped with an electrostatic biprism, at 200 kV. The magnetic properties of the CoFe films were determined using SQUID at room temperature. The MR measurements were obtained by four-point probe measurement at a testing current of 10 lA, fields from 6 700 Oe. The sweep was 20 Oe/s.
We have shown in Ref. 8 the crystal structure of CoFe films exhibited polycrystalline bcc with presence of amorphous second phase. The grain size was 10 to 20 nm. In S1, oxygen in the CoFe matrix could come mainly from air or dissociation of {SO 4 } 2À and {BO3} 3À constituent ions of the electrolyte and/or precipitation of Fe 2þ oxide or hydroxide. In S2, the expected predominant oxide phase was (Fe 2 O 3 .2 H 2 O) or Fe 3þ hydroxide, which would come from the introduction of ferric sulfate into the electrolyte. [7] [8] [9] We cannot detect hydrogen in the film using electron probes, but we can detect oxygen, and the hydrogen is quite mobile under electron irradiation, so we are reporting the second phase as oxides. We used Z-contrast STEM imaging combined with EELS for nanoanalysis to establish the presence of oxide phase in the CoFe films.
Two prominent nanostructural features were revealed by Z-contrast imaging: low contrast intragranular particles in S1 and intergranular grain boundary low contrast regions in S2. Figures 1(a) and 1(b) show Z contrast images for S1 and S2, respectively. It is clearly seen from both images that there are dark regions within the matrix, corresponding to regions of weaker scattering, which could be regions of higher oxygen concentration. Nanospectroscopy confirmed these observations. EELS was a robust technique to differentiate between two different oxides present in two different films. Details about the nanoEELS results reported in our previous work. 8 We recently acquired a new 200 kV TEM/STEM microscope fitted with a spherical aberration corrector for the STEM probe. The corrector enables formation of highcurrent subatomic diameter probes, and thus STEM images with atomic resolution. A preliminary result for an S2 specimen is shown in Fig. 2 . Note the lattice resolution achieved for a ferromagnetic specimen with a lattice constant of about 0.28 nm, which is remarkable. Two dark regions that appear to have non-periodic atom arrays are arrowed. This is the strongest image evidence, though preliminary, that we have for amorphous oxide and it corroborates the diffraction observations above. The advantages of aberration correction for this research are substantial. We will pursue this avenue of imaging and spectroscopy research further. Figure 3 shows the reconstructed holographic phase image of CoFe film in S2. The arrows show the magnetic induction is oriented roughly at 180
. The domain wall thickness was estimated by measuring the distance over which the slope of phase abruptly changes. 10 The inset shows the line profile across the phase changes in Fig. 3 . The domain wall width d was approximately 15 6 1.6 nm thick. The S1 low oxygen film exhibited the same domain wall width. Figure 4 shows the resistance versus applied field for S2. The inset shows the magnetization curves for S1 and S2 in the plane of CoFe films. The other measured magnetic properties and MR for S1 and S2 are listed in Table I . The CoFe film in S1 showed higher saturation magnetization FIG. 1. STEM Z-contrast images of (a) low-oxygen specimen S1 exhibiting distribution of discrete intergranular dark particles with lower scattering power than the matrix. (b) High-oxygen specimen S2 exhibiting nearly continuous distribution of low scattering power material along grain boundaries and at triple junctions. 
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and lower coercivity than S2. H C and M S of both S1 and S2 films are larger and smaller, respectively than the values of these parameters for oxygen-free CoFe alloys of similar composition. 11, 12 Clearly, the presence of Fe oxides in the films diluted the magnetic moment of the CoFe alloy film matrix. This is due to volume partitioning of the electrodeposited films on the high value Ms magnetic phase (Co 40-36 Fe 60-64 ) and weakly magnetic inclusions (FeO or Fe 2 O 3 ). 13 Based on electron holography result, d $ 13 nm, the difference in coercivities is attributed to domain wall motion interaction with the different oxide phases (pinning sites) in the matrix alloy. From Fig. 1(a) , the size of FeO intragranular particles in S1 was $2-3 nm. However, from Fig. 1(b) , Fe 2 O 3 in S2 was nearly continuous on the boundaries of 10 to 20 nm matrix grains, which is the same size scale as the domain wall width d, thus we expect that the grain boundary oxide-domain wall interaction led to increased coercivity. 14 We also conclude that the higher oxide volume fraction in S2 contributed to its larger coercivity relative to S1. 15, 16 We observed a similar effect of oxide on the magnetoresistance (MR) differences between S1 and S2. The MR of S2 increased 13.3% in the presence of external magnetic field, whereas the MR of S1 increased only 6%. This change is attributed to spin-dependent electron scattering at matrix/oxide interfaces. 17 Additional research is necessary to elucidate the actual mechanism of spin-dependent scattering at the interfaces in these alloys. These results are quite interesting, and indicate that CoFe containing oxide distributions may be a new class of materials with inherently high MR compared to oxide-free CoFe alloys.
In summary, the effect of oxygen incorporated in electrodeposited CoFe films has been studied. Each oxygen source in the sample resulted in characteristically different structural and magnetic properties of the deposited films. Z contrast STEM imaging combined with EELS confirmed the presence of oxygen rich regions in S1 (low-oxygen) and S2 (high oxygen) specimens. EELS indicated the predominant oxide formed in S1 was FeO, whereas in S2 was mainly Fe 2 O 3 . Introducing Fe 2 (SO 4 ) 3 into the electrodeposition process enhanced formation of Fe III oxide at the grain boundary areas in S2, resulting in the most effective domain wall pinning. As oxygen content increased in CoFe film, the saturation magnetization decreased, the coercivity increased and magnetoresistance increased. 
